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ABSTRACT
Observations of the redshifted 21 cm line with upcoming radio telescopes promise
to transform our understanding of the cosmic reionization. To unravel the underlying
physical process, we investigate the 21 cm structures of three different ionizing sources,
Population (Pop) III stars, the first galaxies, and the first quasars, by using radiative
transfer simulations that include both ionization of neutral hydrogen and resonant
scattering of Lyα photons. We find that Pop III stars and quasars produce a smooth
transition from an ionized and hot state to a neutral and cold one, owing to their hard
spectral energy distribution with abundant ionizing photons, in contrast to the sharp
transition in galaxies. Furthermore, Lyα scattering plays a dominant role in producing
the 21 cm signal as it determines the relation between hydrogen spin temperature and
gas kinetic temperature. This effect, also called Wouthuysen-Field coupling, depends
strongly on the ionizing source. It is the strongest around galaxies, where the spin
temperature is highly coupled to that of the gas, resulting in extended absorption
troughs in the 21 cm brightness temperature. On the other hand, in the case of Pop
III stars, the 21 cm signal shows both emission and absorption regions around a small
Hii bubble. For quasars, a large emission region in the 21 cm signal is produced, and
the absorption region decreases as the size of the Hii bubble becomes large due to
the limited traveling time of photons. We predict that future surveys from large radio
arrays such as MWA, LOFAR and SKA may be able to detect the 21 cm signals of
primordial galaxies and quasars, but not likely Pop III stars due to its small angular
diameter.
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1 INTRODUCTION
The epoch of reionization (EoR), during which high energy
photons produced by the first luminous objects reionized the
neutral hydrogen in the intergalactic medium (IGM), was
an important milestone in cosmic history (Loeb & Barkana
2001). The latest measurements from the Planck satel-
lite suggest that the Universe was reionized at redshift
z ∼ 11 (Planck Collaboration 2013), in agreement with
the seven-year results of Wilkinson Microwave Anisotropy
Probe (WMAP) (Komatsu et al. 2011), while studies of
Gunn-Peterson absorption (Gunn & Peterson 1965) of high-
redshift quasars (QSOs) suggest that reionization began as
⋆ E-mail: yajima@roe.ac.uk (HY)
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early as z ∼ 15 and ended at z ∼ 6 (Fan et al. 2006a). The
reionization history strongly constrains not only the forma-
tion of the first generation of galaxies and QSOs, but also
their feedback and impacts on structure formation at later
times (Bromm & Yoshida 2011).
Over the past few years, impressive progress has
been made in detecting distant objects. Recent observa-
tions using both broad-band colors (e.g., Bouwens et al.
2012; Ellis et al. 2013) and narrow-band Lyα emission
(e.g., Ouchi et al. 2010; Kashikawa et al. 2011) have de-
tected hundreds of galaxies at z & 6. Meanwhile, over
two dozen luminous QSOs have been detected at z ∼ 6
(e.g., Fan et al. 2006b; Willott et al. 2010b; Mortlock et al.
2011). While it is generally believed that early star-forming
galaxies played an important role in reionizing the Uni-
verse (Robertson et al. 2010), the ionization process and the
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actual contributions from different ionizing sources remain
poorly understood.
The 21 cm hyperfine line of neutral hydrogen has been
proposed as a powerful tool to probe the EoR, as it traces
the thermal history of the IGM and the ionization structures
(e.g., Morales & Wyithe 2010; Pritchard & Loeb 2012). Re-
cent advances in radio instrumentation and techniques will
soon make it possible to measure the highly redshifted 21 cm
line from gas during the first billion years after the Big Bang,
as a number of radio interferometers are currently being
built or planned, such as Murchison Widefield Array (MWA;
Lonsdale et al. 2009), the LOw Frequency ARray (LOFAR;
Harker et al. 2010), the Precision Array to Probe the Epoch
of Reionization (PAPER; Parsons et al. 2010), the Giant
Meter-wave Radio Telescope (GMRT; Paciga et al. 2011),
and the Square Kilometre Array (SKA; Dewdney et al.
2009).
In order to understand and interpret observations from
these instruments, it is critical to understand the 21 cm
structures from different ionizing sources. It has been sug-
gested by advanced numerical simulations that the first
stars (so-called “Population III” stars) started to form in
mini-halos of 105−6M⊙ as early as z ∼ 30 (Abel et al.
2002; Bromm et al. 2002; Yoshida et al. 2008; Turk et al.
2009; Clark et al. 2011). The first galaxies are believed to
have formed in low-metallicity halos via gas accretion or
mergers around z ∼ 15 thanks to feedback and metal
enrichment from Population (Pop) III stars (Wise & Abel
2007; Wise et al. 2008; Wise & Abel 2008; Greif et al. 2010;
Pawlik et al. 2011; Wise et al. 2012). Meanwhile, the mas-
sive black holes (BHs) may have formed from remnants of
massive Pop III stars or direct collapse of gas clumps or
supermassive stars (e.g., Volonteri & Begelman 2010, lead-
ing to the emergence of the first QSOs (Li et al. 2007;
Di Matteo et al. 2008; Sijacki et al. 2009; Di Matteo et al.
2012). These objects provided strong UV radiation that
reionized the neutral hydrogen.
To date, a number of theoretical works have studied the
21 cm signals of Pop III stars (Chen & Miralda-Escude´ 2004,
2008; Tokutani et al. 2009), galaxies (Furlanetto & Oh
2006; McQuinn et al. 2006; Kuhlen et al. 2006;
Mellema et al. 2006; Semelin et al. 2007; Baek et al. 2010;
Vonlanthen et al. 2011; Mesinger et al. 2011; Iliev et al.
2012), and QSOs (Wyithe et al. 2005; Wyithe & Loeb 2007;
Geil & Wyithe 2008; Alvarez et al. 2010; Datta et al. 2012;
Majumdar et al. 2012). The 21 cm signal can be emission
or absorption against the cosmic microwave background
(CMB), if spin temperature (TS) is above or below the
CMB temperature (TCMB). The scattering process of Lyα
photons is the main mechanism which causes TS decouple
from TCMB via the Wouthuysen-Field effect (Wouthuysen
1952; Field 1958; Hirata 2006). Therefore, it is crucial to
take into account Lyα scattering in the calculation of 21 cm
signals. The Lyα radiation field in a moving medium like
the Hubble flow is difficult to estimate analytically, because
the diffuse approximation is no longer valid in a partially
ionized or moving medium with higher relative velocity
(Loeb & Rybicki 1999), and so must be determined through
detailed radiative transfer (RT) calculations. However,
despite the importance of the Wouthuysen-Field effect,
the Lyα radiation field was simply modeled or completely
ignored in most of the previous work; only a few actually
included Lyα RT in the estimate of TS (e.g., Baek et al.
2010; Vonlanthen et al. 2011). In particular, Baek et al.
(2009) and Baek et al. (2010) combined cosmological
simulations and post-processing Lyα RT to calculate the
21 cm signals from UV and X-ray sources. They found that
the absorption phase of the 21 cm survives throughout the
EoR even in the presence of strong X-ray sources, and that
the brightness temperature fluctuation of the 21 cm signal
evolves strongly with redshift, with a higher amplitude in
the early reionization phase.
In order to investigate the Wouthuysen-Field effect from
different ionizing sources and the resulting 21 cm struc-
tures, we carry out here a comparative study of the ion-
ization history of three types of sources: Pop III stars, pri-
mordial galaxies and QSOs. We perform RT calculations,
which include both ionization and Lyα scattering, on in-
dividual sources embedded in the IGM. Different intrinsic
spectral energy distributions (SEDs) appropriate for each
source type are used. We follow the evolution of the ioniza-
tion structures and temperature to derive the 21 cm signals.
The paper is organized as follows. In §2, we describe
the model and methodology underlying our simulations. In
§3, we present the results, which include the structure of
ionization, temperatures and the 21 cm signal around dif-
ferent sources, and their time evolution. We discuss in §4
the detectability of the 21 cm structures of these sources by
upcoming facilities such as MWA, LOFAR and SKA, and
we summarize in §5.
2 MODEL & METHOD
In this work, we carry out RT calculations that include ion-
ization and Lyα scattering on three types of ionizing sources
embedded in the IGM: Pop III stars, galaxies, and QSOs.
The IGM is modeled as spherical shells around the source.
The boundary of the sphere is set to R = 7RS, where RS
is the radius of Stro¨mgren sphere, and it is linearly divided
into 300 bins.
For each source type, we consider a range of masses in
the redshift range z = 7− 20. For Pop III stars, Mstar = 2×
102−2×105 M⊙; for galaxies, Mstar = 2×106−2×1010 M⊙,
and for QSOs, Mstar = 2× 108 − 2× 1012 M⊙, where Mstar
is total stellar mass. For Pop III stars with Mstar > 10
2 M⊙,
we assume multiple star formation of 100 M⊙ in a halo (e.g.,
Greif et al. 2012), or a cluster of halos with Pop III stars.
2.1 The 21 cm Signal
The fluctuation in 21 cm intensity (or fluctuation of bright-
ness temperature) from different regions of the IGM at
a given redshift z depends sensitively on the gas proper-
ties, including density, velocity gradients, gas temperature,
gas spin temperature and ionization state (Furlanetto & Oh
2006). We follow the procedure of previous works (e.g.,
Furlanetto & Oh 2006; Baek et al. 2009) which calculate the
fluctuation of the brightness temperature as
δTb = 28.1 χHI(1 + δ)
(
1 + z
10
)1/2
TS − TCMB
TS
mK, (1)
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where χHI is the neutral hydrogen fraction, δ is over den-
sity, TS and TCMB are the gas spin and CMB temperature
respectively. The IGM is assumed to be uniform, i.e., δ = 0,
as recent simulations suggest small clumpiness in the IGM
at high redshift (Pawlik et al. 2009). The contribution of the
gradient of the proper velocity is not considered in this work.
The gas spin temperature is controlled by Thomson
scattering of CMB photons, Lyα photon pumping, and colli-
sions by the gas particles, as formulated by Furlanetto & Oh
(2006):
T−1S =
T−1CMB + xCT
−1
gas + xαT
−1
C
1 + xC + xα
, (2)
where TC is the color temperature of the Lyα line, Tgas is the
kinetic temperature of the gas, xα and xC are the coupling
coefficients by Lyα photon scattering and gas collision re-
spectively, which are calculated for each spherical shell from
RT simulations of ionizing and Lyα photons as follows
xα =
4PαT⋆
27A10TCMB
, (3)
xC =
T⋆
A10TCMB
(CH + Cp + Ce). (4)
where T⋆ = 0.068 K, A10 = 2.85 × 10−15 s−1 is the spon-
taneous emission factor of the 21 cm transition, Pα is the
number of scatterings of Lyα photons per atom per sec-
ond, and CH, Cp and Ce are the de-excitation rates due to
collision with neutral atoms, protons, and electrons, respec-
tively. We use the fitting formula given by Liszt (2001) and
Kuhlen et al. (2006) for the de-excitation rates.
Since TC quickly settles into Tgas owing to the recoil
effect of Lyα photon scattering, TC = Tgas is assumed in our
calculations. The spin temperature depends sensitively on
the coupling due to Lyα scattering and collision. When the
coupling is strong, it decouples from the CMB temperature
and becomes TS ∼ Tgas.
2.2 Intrinsic SEDs of Ionizing Sources
We consider different SEDs for the three types of sources,
PopIII stars, galaxies, and QSOs in our calculations. For
PopIII stars, we assume a black body spectrum, and follow
the formulae from Bromm et al. (2001a) to calculate the ef-
fective temperature and bolometric luminosity of a star with
mass M :
T effPopIII = 1.1× 105( M
100 M⊙
)0.025 K, (5)
LbolPopIII = 10
4.5 M
M⊙
L⊙. (6)
Haloes hosting Pop III stars can be metal-enriched quickly
due to type-II or pair-instability supernovae (Wise et al.
2012; Johnson et al. 2013). As a result, metallicity can ex-
ceed the threshold of Pop III star formation, Z/Z⊙ ∼ 10−3.5
(Bromm et al. 2001b), and then Pop II stars form in halos
(e.g., Wise et al. 2012). On the other hand, recent simula-
tions showed that multiple Pop III stars form in each halo
(Clark et al. 2011; Greif et al. 2012), and haloes are clus-
tered close together (Umemura et al. 2012). In addition, if
the mass of Pop III stars is & 260 M⊙, they collapse di-
rectly into black holes (Heger & Woosley 2002), as a result,
the halo can keep making Pop III stars even after several
Myr. Hence, in this work, we assume Pop III halos which
consist of Pop III stars alone. Effects of mixed systems of
Pop III and Pop II stars on 21 cm signal will be investigated
by detailed hydrodynamics simulations in future work.
The primordial galaxies in our model are assumed
to consist of only young, metal-poor stars which follow a
Salpeter initial mass function (IMF) (Salpeter 1955). We as-
sume a stellar age of 10 Myr and a metallicity of Z = 0.1 Z⊙,
which are consistent with observations of high-redshift Lyα
emitting galaxies (e.g., Lai et al. 2007; Finkelstein et al.
2009; Ota et al. 2010; Nakajima et al. 2012). The SEDs of
galaxies are then generated using the stellar population syn-
thesis code PE´GASE v2.0 (Fioc & Rocca 1997) for a given
stellar mass with the above parameters of stellar age, metal-
licity and IMF. In practice, the SED changes with evolution
time. However, the star formation history of high-redshift
galaxies is as yet poorly understood. In this work, for sim-
plicity, we use the above SED with constant age, metallicity
and stellar mass. Note that, however, even if we consider
an evolving SED with a constant star formation model like
SFR = (Mstar/10
8 M⊙) M⊙ yr
−1 (e.g., Ono et al. 2010),
the differences of sizes of Hii bubbles are within a factor of
∼ 2.
The SED of QSOs is estimated by adding a broken
power-law spectrum of massive black holes to the galaxy’s
SED. The power-law spectrum is assumed, following
Laor & Draine (1993); Marconi et al. (2004); Hopkins et al.
(2007), to be
νLν ∝
{
ν1.2 for log (ν/Hz) < 15.2
ν−1.2 for log (ν/Hz) > 15.2.
(7)
Recent observations of the most distant QSOs show that
the BH accretion rates are close to the Eddington limit
(Willott et al. 2010a), and simulations of early QSOs by
Li et al. (2007) showed that the mass ratio of BHs to stars
in the hosts is ∼ 10−3, similar to that of local galaxies (e.g.,
Marconi & Hunt 2003; Rix et al. 2004). Therefore, in our
QSO model, the BH mass is set to be MBH ∼ 10−3 ×Mstar,
and its luminosity is derived assuming an Eddington limit.
For ionization and heating, we integrate the above SED
up to 40 KeV. Contribution of higher-energy photons E >
40 KeV is negligible because of the small energy fraction and
low ionization cross section. In addition, free electrons made
by X-ray ionization are highly energetic, and they make Lyα
photons via collisions with neutral hydrogen. Roughly 40
per cent of X-ray energy can be used for the production
of Lyα photons, and they can enhance the 21 cm signal
(Chen & Miralda-Escude´ 2008). We also include the addi-
tional Lyα photons by converting 40 per cent of X-ray en-
ergy at E > 0.1 KeV.
The SEDs of these three types of sources are shown in
Figure 1. Pop IIII stars have a hard SED with a peak at λ ∼
300 A˚. The SED of galaxies drops sharply at wavelengths
shortward of the Lyman limit λ ∼ 912 A˚, while that of
QSO has a power-law tail from X-rays to the Lyman limit
owing to radiation from an accreting BH. As we will show
later, the difference in the SEDs at λ . 912 A˚ would result
in different ionization structures of hydrogen by the three
ionizing sources. On the other hand, both galaxies and QSOs
have much higher continuum flux between Lyα and Lyβ
frequencies than Pop III stars, which would lead to stronger
effects of Lyα scattering.
c© 2008 RAS, MNRAS 000, 1–12
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Figure 1. The intrinsic SEDs of a Pop III star (red curve), a
galaxy (blue curve), and a QSO (green curve). The SEDs of the
Pop III star and QSO are normalized by the flux of galaxy with
Mstar = 106 M⊙ at 900 A˚. The three vertical dashed lines indicate
the wavelengths of Heiii, Heii and Hii, respectively.
2.3 Ionization and Heating of the IGM
We calculate the ionization of hydrogen and helium in the
IGM by central sources using one-dimensional RT of ion-
izing photons. Recent simulations showed that the escape
fraction of ionizing photons (fesc) of high-redshift galaxies or
Pop III halos can be & 0.5 (Yoshida et al. 2007; Wise & Cen
2008; Yajima et al. 2011; Paardekooper et al. 2013). Hence,
we simply assume that half of ionizing photons are absorbed
by the interstellar medium (ISM) and the rest escape from
halos and ionize IGM. About 0.68 of ionizing photons ab-
sorbed by ISM or IGM are converted to Lyα photons via
recombination processes. Here we ignore detailed ionization
structure in halos of which the spatial scale is much smaller
than the typical size of Hii bubbles in the IGM. In addi-
tion, we focus on the early phase when the radiation field
is localized, hence the radiation background from external
sources is not included. The time evolution of the ioniza-
tion of hydrogen and helium is estimated by the following
equations:
dχHI
dt
= −ΓγHI − ΓCHIχHIne + αHBχHIIne, (8)
dχHeI
dt
= −ΓγHeI − ΓCHeIχHeIne + αHeIB χHeIIne, (9)
dχHeII
dt
= ΓγHeI − ΓγHeII + ΓCHeIχHeIne − ΓCHeIIχHeIIne
−αHeIB χHeIIne + αHeIIB χHeIIIne. (10)
Here, χHI, χHeI, χHII, and χHeII are the ionization fractions
of neutral hydrogen, neutral helium, ionized hydrogen and
ionized helium, respectively, ne is the electron density, αB is
the case B recombination rate, ΓC is the collisional ioniza-
tion rate. We use the fitting formula of Gnedin & Ostriker
(1997) for αB, and that of Cen (1992) for Γ
C. The photo-
ionization rate Γγ in each shell is estimated by
ΓγHI =
1
nHVshell
∫
∞
νlimit
L(ν)
hν
e−τ(ν)
(
1− e−∆τHI(ν)
)
dν (11)
where Vshell is the volume of the gas shell, νlimit is the Lyman
limit frequency, τ is the optical depth from the central source
to the shell, and ∆τ is optical depth of the shell. The optical
depth is calculated by
τ (ν) = nHσHI(ν)
∫ r
0
dr
′
χHI(r
′
) + nHeσHeI(ν)
∫ r
0
dr
′
χHeI(r
′
)
+ nHeσHeII(ν)
∫ r
0
dr
′
χHeII(r
′
) (12)
where σ is the ionization cross section. We use the fitting
formula from Cen (1992), σHI = 6.3 × 10−18(ν/νHIlimit)−3,
σHeI = 7.2× 10−18[1.66(ν/νHeIlimit)−2.05 +0.66(ν/νHeIlimit)−3.05],
σHeII = 1.58× 10−18(ν/νHeIIlimit)−3.
The evolution of ionization would lead to change of gas
temperature in each shell with time as follows,
dTgas
dt
=
2
3kBn
[
kBTgas
dn
dt
+H − Λ
]
(13)
where kB is the Boltzmann constant, n is the total number
density of hydrogen and helium,H is the heating rate, and Λ
is the cooling rate. We follow the procedures of Maselli et al.
(2003) to calculate the heating and cooling rates: we consider
photo-heating for H , while for Λ , we include recombination,
collisional ionization and excitation cooling processes. The
upper limit of the gas temperature is set to 105 K, and
heating by Lyα photon scattering is not included, as it was
shown to be insignificant by Chen & Miralda-Escude´ (2004).
We follow the evolution of ionization and temperature
up to 108 yr, and we calculate the Lyα radiation field and
the 21 cm signal of the snapshots at tevo = 10
6, 107 and 108
yr. Our fiducial runs use the snapshot at tevo = 10
7 yr at
redshift z = 10.
2.4 Radiative Transfer of Lyα Photons
The RT of Lyα photons in IGM is a highly complex pro-
cess. It depends strongly on the Lyα resonant scattering,
and on the density distribution and ionization state of the
medium. The frequency change resulting from the scattering
is difficult to estimate analytically. Yajima et al. (2012a) has
developed a three-dimensional, Monte Carlo Lyα RT code
which couples the continuum and ionization of hydrogen.
Here we use the 1-D version of the code to numerically sim-
ulate the Lyα RT in spherical shells of the IGM.
In the scattering process, the outgoing frequency in the
laboratory frame νout is calculated as
νout − ν0
∆νD
=
νin − ν0
∆νD
− va · kin
vth
+
va · kout
vth
(14)
where νin is the incoming frequency in the rest frame of
scattering medium, ν0 is the line center frequency ν0 =
2.466 × 1015 Hz, va is the atom velocity, ∆νD = (vth/c)ν0
corresponds to the Doppler frequency width, vth is the ve-
locity dispersion of the Maxwellian distribution describing
the thermal motions, i.e., vth = (2kBT/mH)
1/2, and kin and
kout are the incoming and outgoing propagation directions,
respectively.
c© 2008 RAS, MNRAS 000, 1–12
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We consider Lyα photons from both continuum radia-
tion of sources and recombination processes in ionized ISM
and IGM. The intrinsic Lyα luminosity is estimated by
LLyα =
∫ 1216 A˚
912 A˚
PabsfconvLλdλ+ 0.68hνα(1− fesc)N˙Ion
+ 0.68hναα
H
BnHIIneVI
(15)
where the continuum spectrum is considered in the fre-
quency range from the Lyα line (1216 A˚) to Lyman limit
(912 A˚), Pabs is the absorption fraction in the calculation
boxes, fconv is the conversion fraction to Lyα photons via
the cascade decay from higher quantum levels to the ground
state (Hirata 2006), and να is the Lyα frequency. The Lyα
from ISM is simply proportional to number of absorbed ion-
izing photons because of short recombination time-scale in
ISM, while that from IGM depends on the volume of the
ionized bubble VI and the density of the ionized hydrogen
and electrons. Photons in this continuum range can be ab-
sorbed by neutral hydrogen which is then excited to higher
levels of the Lyman series, and some of hydrogen atoms can
transit from the 2p to the 1s state by emitting Lyα pho-
tons. Since we focus on the early phase of ionization up to
108 yr in this work, which is shorter than the recombination
time scale in IGM (trec ∼ 4 × 108 yr), the ionized volume
VI in Equation 15 is generally smaller than the Stro¨mgren
sphere at ionization equilibrium. Hence, the Lyα emission
from IGM is much smaller than the other components. The
Lyα emission from ISM is dominant for Pop III stars due to
the high effective temperature, while the contribution of the
continuum radiation is dominant for galaxies and QSOs.
We simulate the Lyα RT using the structure of ioniza-
tion and temperature at times tevo = 10
6, 107 and 108 yr,
by assuming that the travel time of the Lyα photons
ttravel = tevo. We divide the Lyα radiative transfer calcu-
lations into two parts. First, we calculate the RT of Lyα
photons from the recombination process which are emitted
from central sources. These Lyα photons diffusely propa-
gate outward. We performed a convergence test and found
an optimal number of photon packets for the RT calcu-
lations, Np = 10
5, of which the number of Lyα photons
NLyα = LLyα/(hναNp). In these calculations, since we need
to estimate the rate of scattering of Lyα photons in each
shell precisely to derive the spin temperature, we can not
use the “core skipping” technique in the Lyα RT which can
accelerate the calculation, as used in most Lyα RT simula-
tions (e.g., Zheng & Miralda-Escude´ 2002; Verhamme et al.
2006; Dijkstra et al. 2006; Laursen et al. 2009; Yajima et al.
2012b, 2013). Hence, the calculations are very expensive
even with 105 photon packets. Each simulation took a few
days running on 64 processors. Second, we consider contin-
uum photons between Lyα and Lyman limit frequencies.
Total energy of these photons is larger than that of the
recombination photons in the cases of galaxies and QSOs.
Unlike the Lyα photons from the recombination process,
the continuum photons can travel for long distances un-
til they are absorbed at the Lyman series frequencies af-
ter cosmological redshifting (Pritchard & Furlanetto 2006;
Vonlanthen et al. 2011). For example, at z ∼ 10, the pho-
tons for which the frequency is just below Lyβ can travel
∼ 40 Mpc before the frequency is shifted to Lyα. Once they
Figure 2. Profile of the coupling coefficient by continuum pho-
tons as a function of radial distance from a QSO of Mstar =
2 × 108 M⊙ at z = 10. Uniform IGM density on Hubble flow is
assumed.
are trapped, some fraction are converted to Lyα photons
after the cascade decay (Hirata 2006) and experience nu-
merous scatterings. Baek et al. (2009) showed the number
of scattering at the trapped place could be approximated
by Nsca = 8 × 105H(z = 10)/H(z), ignoring spatial diffu-
sion. We use this approximation for the continuum photons.
For uniform density and temperature, the scattering rate
per atom by the continuum photons decreases with the r−2
profile as the radial distance from sources becomes large
(Pritchard & Furlanetto 2006; Chuzhoy & Zheng 2008;
Semelin et al. 2007; Naoz & Barkana 2008). As shown in
Figure 2, we also test the distribution of the coupling co-
efficient by continuum photons and show the roughly r−2
distribution for a case of QSO of Mstar = 2 × 108 M⊙ in
uniform IGM on Hubble flow at z = 10, which is similar
to the test calculation of Semelin et al. (2007) (other test
calculations were shown in Yajima et al. 2012a). The slight
difference from the r−2 profile is due to the not flat SEDs
shown in Figure 1.
3 RESULTS
We performed a set of RT simulations on three types of
ionizing sources, Pop III star, primordial galaxy and QSO,
in the redshift range z = 7−20. A wide range of masses were
considered for these sources: Mstar = 2× 102 − 2× 105 M⊙
for Pop III stars or cluster of Pop III stars, Mstar = 2×106−
2×1010 M⊙ for galaxies, and Mstar = 2×108−2×1012 M⊙
for QSOs.
3.1 Structures of Ionization and Temperature
The propagation of the ionization front of a Pop III star,
a primordial galaxy, and a QSO are shown in Figure 3, in
c© 2008 RAS, MNRAS 000, 1–12
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Figure 3. Propagation of the ionization front (normalized by
radius of the Stro¨mgren sphere) as a function of time (normalized
by recombination timescale), for a Pop III star (Mstar = 2 ×
102 M⊙, red), a galaxy (Mstar = 2× 106 M⊙, blue), and a QSO
(Mstar = 2× 108 M⊙, green), respectively. The black dotted line
is the analytical solution from Spitzer (1978).
comparison with the analytical solution from Spitzer (1978).
The position of the ionization front is measured where the
ionized hydrogen fraction χHII = 0.5. The size of the ionized
region from the galaxy and QSO follows the analytical one
closely, but that of the Pop III star appears to be smaller,
owing to helium ionization by Pop III stars. As shown in
Figure 1, the SED of Pop III stars peaks around the Ly-
man limit frequency of HeII, hence a fraction of the ion-
izing photons is consumed by helium ionization, resulting
in a smaller Hii region compared to the analytical solution
which assumes that all the ionizing photons are absorbed by
neutral hydrogen.
The resulting structures of the ionization, temperatures
and differential brightness temperature of the above ionizing
sources are shown in Figure 4. The ionization structures of
both the Pop III star and QSO show smooth transitions
from ionized to neutral state for hydrogen, while the galaxy
shows a sharp transition. This is because the high-energy
photons of PopIII stars and QSOs have long mean free paths,
and they can partially ionize the gas, making the transition
smooth. Moreover, the hard SEDs of Pop III stars and QSOs
can also produce ionized HeII regions, which is absent in the
modeled galaxy without accreting black holes. The size of
the ionized Heiii region is a fraction of ∼ 0.2 of the Hii
bubble in Pop III stars and ∼ 0.1 in QSOs.
Similarly, the temperatures show different structures
from these different sources. The kinetic temperature of the
gas, Tgas, shows a smooth transition from a hot (∼ 104 K) to
cold (∼ a few K) state around the Pop III star and the QSO,
in contrast to the sharp transition in the galaxy, due to par-
tial ionization and heating from photoionization. The spin
temperature TS shows different patterns in these sources.
Figure 4. Structure of ionization, temperature, coupling co-
efficients by Lyα photons, and differential brightness tempera-
ture as a function of distance from the central source at redshift
z = 10 for a Pop III star (Mstar = 2 × 102 M⊙, left column),
a galaxy (Mstar = 2 × 106 M⊙, middle column), and a QSO
(Mstar = 2 × 108 M⊙, right column), respectively. The top row
panels show the fraction of Hii, Heii, and Heiii at tevo = 107 yr, re-
spectively. The second row panels show the temperatures of spin,
gas and CMB, respectively. The third row panels are the fluctua-
tions of brightness temperature. The bottom row panels represent
the coupling coefficients xα (by Lyα photon scattering, solid line)
and xC (by gas collision, dotted line). The dashed line represents
unity. When the coupling coefficients are higher than unity, the
spin temperature can decouple from the CMB temperature. The
vertical dash-dot line indicates the location of the ionization front
at χHII = 0.5, while the long-dash-dot line indicates the location
where Tgas = TCMB. In region beyond the long-dash-dot line, if
the coupling coefficient is higher than unity, then it would cause
absorption, as is the case of the galaxy model.
As indicated in Equation 2, TS depends strongly on the cou-
pling efficiency due to Lyα scattering and gas collision. If
the coupling is strong, TS is coupled to Tgas which is in gen-
eral different from the CMB temperature TCMB. As shown
in the second row panels of Figure 4, for the Pop III star,
TS is weakly coupled to Tgas within the Hii region due to
the small number of the Lyα scatterings resulted from low
number of Lyα photons in its SED. As the Lyα scattering
becomes sparse beyond the Hii region, TS is decoupled from
Tgas and it takes the value of TCMB. For the galaxy, TS is
completely coupled to Tgas at R . 40 kpc due to strong Lyα
scattering, it is thus completely decoupled from TCMB. For
the QSO, TS is tightly coupled to Tgas within R . 300 Kpc
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Figure 5. Two-dimensional map of the differential brightness temperature of Pop III stars (Mstar = 2 × 102 M⊙), galaxy (Mstar =
2× 106 M⊙) and QSO (Mstar = 2× 108 M⊙) at tevo = 107 yr. The box size is 500 kpc in physical scale.
Figure 6. Dependence of the 21 cm structures on the source mass
for Pop III stars (green triangles), galaxies (red squares), and
QSOs (blue circles). Upper panel : size of the ionized bubble RHII
at tevo = 107 yr, defined as the position at χHII = 0.5. Middle
panel : surface area of emission Sem (filled symbols) and absorp-
tion ring Sabs (open symbols). Lower panel : ratio of Sabs/Sem
as a function of stellar mass of the source. The dotted lines are
artificial lower limits.
(∼ three times of the size of Hii bubble), but outside of
which it decouples from Tgas and becomes TCMB due to the
sharp decline of Lyα scattering.
As a result of the different ionization and temperature
structures around the three sources, the 21 cm signal shows
different features, as shown in δTb in the lower panels in
Figure 4. The modeled galaxy shows a narrow emission ring
surrounded by an extended absorption trough owing to ef-
ficient coupling between TS and Tgas. In the case of Pop
III star and QSO, since the travel of most Lyα photons
from the recombination process is confined to the transition
region with numerous resonant scatterings within the lim-
ited tevo = 10
7 yr, the Tgas at transition region is higher
than TCMB, so they both show extended emission in δTb in
the transition region, and the QSO shows the extended ab-
sorption region due to continuum flux. However, due to the
dilution of flux, the absorption signal is weak (δTb . 50 K).
The 21 cm structure of QSOs from our model dif-
fers from that of Alvarez et al. (2010), which showed
extended deep absorption shell in the outer cold re-
gion under the assumption of TS = Tgas. In addition,
Datta et al. (2012) used the assumption of δTb = 4.6 ×
104 K cm3 nHI(z, comoving)
√
z + 1, which leads to emission
even in the region far from QSOs. In the case of Pop III
stars, the absorption feature from our calculations is shal-
lower than that of Chen & Miralda-Escude´ (2008). This is
caused by a smaller Pα due to the limited traveling time of
Lyα photons.
To further illustrate the physical process behind the
emission and absorption features of the 21 cm signal, we
show the radial profiles of the coupling coefficients caused by
Lyα scatterings, xα, and by gas collisions, xC, respectively.
When the coupling coefficient is higher than unity, the spin
temperature can decouple from the CMB temperature. As
can be seen, xC is around unity in high-temperature region,
and becomes very small in region with neutral hydrogen gas.
As a result, gas collision has little effect on the change of
TS, the δTb, in neutral region. On the other hand, xα shows
a much higher value than unity even in the outer neutral
region, and it decreases steeply with distance, because the
scattering cross section decreases due to high relative veloc-
ity, and Lyα photons emitted near sources cannot propagate
to outer region within the limited travel time. On the other
c© 2008 RAS, MNRAS 000, 1–12
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hand, the continuum photons can propagate long distance
until they are trapped as Lyman series photons due to the
Doppler shift. Consequently, due to the contribution of Lyα
photons traveling near the sources, the distribution of xα
shows complicated structure, not the simple r−2 profile. In
the case of Pop III stars, xα is ∼ 1−100 in the partially ion-
ized and moderately high temperature region Tgas > TCMB.
Therefore, in such a region, TS is much higher than TCMB,
resulting in emission in δTb. However, at the location of
Tgas ∼ TCMB, xα becomes ∼ 3, and less than unity in the
cold region, leading to the shallower absorption structure.
The xα of the QSO case shows a similar trend with that of
the Pop III star. However, since the continuum flux is much
higher than for Pop III stars, these photons propagate a long
distance and make the extended absorption region. In addi-
tion, we can see the r−2 profile in the outer region with these
continuum photons. In the case of the galaxy, xα appears to
be very large (∼ 70) at the location of Tgas = TCMB, and
it drops to ∼ 1 at R ∼ 60 kpc, resulting in the extended
absorption region over a few hundreds kpc.
3.2 The 21 cm Structures
The resulting 21 cm maps of the Pop III star, galaxy, and
QSO at z = 10 are shown in Figure 5. Clearly, the 21 cm
structures of these different sources are distinctively differ-
ent. The δTb of the PopIII star shows a ring structure with
emission in the inner region and absorption in the outer
region. The galaxy shows a very thin emission ring but a
deep, extended absorption region, while the QSO shows an
extended emission ring and an outer weak absorption region.
To further investigate the dependence of 21 cm struc-
tures on source properties, we show the emission and ab-
sorption structures of the three sources at different stellar
masses in Figure 6, as represented by the radius of the ion-
ized bubble RHII, the surface area of emission (Sem) and
absorption (Sab), and their ratio.
First, the size of the ionized region increases with the
mass of the source, as shown in Figure 6 (top panel). This
can be understood since the total number of ionizing photons
is simply proportional to the cube-root of the total stellar
mass in our models, RHII ∝ M1/3star. RHII is in the range of
∼ 24−260 kpc for PopIII stars, ∼ 27−792 kpc for galaxies,
and ∼ 0.2−4.9 Mpc for QSOs. The size of the region ionized
by QSOs is consistent with that from Wyithe et al. (2005).
Pop III stars have a higher ionizing power because their hard
SEDs produce more ionizing photons and higher effective
temperature ∼ 105 K. Of course, the ionized region would
appear as a “zero-signal hole” (δTb ∼ 0 mK) in the 21 cm
structure as shown in Figure 5.
The middle panel of Figure 6 shows the surface areas
of the emission (Sem) and absorption (Sabs) regions in a
two dimensional slice containing the central sources. For all
models, Sem monotonically increases with the stellar mass of
the source; the Sabs, however, is clearly different depending
on the source type and the size of ionized region. The Sabs of
galaxies are much higher than the Sem, which produces the
strong absorption trough as seen in Figure 5. In the case of
QSOs, Sabs decreases with increasing stellar mass atMstar &
1010 M⊙, since even continuum photons cannot propagate
to the outside cold, neutral gas region in the limited time.
The ratio between Sabs and Sem is shown in the lower panel
Figure 7. The evolution of the differential brightness tempera-
ture of a Pop III star, a galaxy, and a QSO at time tevo = 106, 107
and 108 yr, respectively. The mass of these three sources is
Mstar = 2× 102, 2× 106, 2× 108 M⊙, respectively.
of Figure 6. The ratio is in the range of ∼ 20− 370 for Pop
III stars, ∼ 830 − 1850 for the galaxies, and ∼ 0 − 120 for
the QSOs.
These results demonstrate that Pop III stars, the first
galaxies, and the first QSOs have clearly different 21 cm
structures, owing to different temperature and ionization
structures resulting from different photon SEDs and propa-
gation of Lyα photons in these regions.
3.3 Time Evolution of the 21 cm Structure
The evolution of the δTb signal at different times is shown
in Figure 7. As the ionizing bubble grows with time, the
Lyα photons propagate into the more extended cold region
through scattering, resulting in the stronger absorption sig-
nal. At tevo = 10
6 yr, the δTb of Pop III stars has no ab-
sorption region. At tevo = 10
8 yr, all simulations show 21
cm absorptions. Note that for Pop III stars, the evolution
of ionization may not last 108 yr due to their short lifetimes
and fast metal enrichment (e.g., Wise et al. 2012). However,
since the recombination time scale of IGM is longer than
108 yr, the Lyα photons can travel in the relic Hii region
and the cold region outside, which may produce similar ab-
sorption features as in Figure 7.
Figure 8 shows the evolution of the size of the ioniz-
ing bubble RHII, surface area of emission Sem and absorp-
tion Sabs, and their ratio Sabs/Sem, at different time tevo =
106, 107 and 108 yr for Pop III stars, galaxies, and QSOs.
RHII increases with tevo, RHII ∝ (1 − exp(−tevo/trec))1/3,
where trec is recombination time scale. The Sem and Sabs of
galaxies and QSOs show the slow increase with time, and the
ratio of the two becomes nearly constant after ∼ 107 years.
In the case of Pop III stars, however, Sabs increases dramat-
ically after ∼ 107 years, leading to a strong absorption fea-
c© 2008 RAS, MNRAS 000, 1–12
Distinctive 21 cm Structures of the First Stars, Galaxies, and Quasars 9
Figure 8. The evolution of the size of the ionizing bubble RHII,
surface area of emission Sem and absorption Sabs, and their ra-
tio Sabs/Sem, at different times for Pop III stars (red triangles),
galaxies (blue squares), and QSOs (green circles). The masses of
these three different sources are Mstar = 2 × 102, 2 × 106, 2 ×
108 M⊙, respectively. The symbols are the same as in Figure 6.
ture. This is because Lyα photons from the recombination
process are the dominant source of Lyα photon scatterings,
and they are trapped near the source at t . 107 yr and can
propagate to the outer cold region at t ∼ 108 yr.
The probability distribution function (PDF) of the 21
cm emission volume is shown in Figure 9. As time evolves,
more Lyα photons propagate to cold gas region, producing
the extended tail of the PDF with the absorption signal.
At tevo = 10
7 yr, the PDF of Pop III stars is confined to
δTb & −80 mK, and it extends to δTb < −100 mK at 108 yr.
In the case of the QSO, the PDF has the more extended tail
at δTb . −160 mK at tevo = 107 yr due to the continuum
photons.
3.4 Detectability
The detectability of the 21 cm emission from the first lu-
minous objects with future instruments is of great interest.
Here we calculate the detectability of the 21 cm emission
from Pop III stars, first galaxies and quasars with upcom-
ing observatories such as MWA, LOFAR, and SKA. The
noise per resolution element is estimated by Furlanetto et al.
(2009) as follows,
∆T ∼ 20 mK
(
104 m2
Aeff
)(
10′
∆θ
)
× ( 1+z
10
)4.6 (MHz
∆ν
100 hr
tint
)1/2
, (16)
where Aeff is the effective collect area, ∆θ is the angular
diameter, ∆ν is the band width, and tint is the integration
time.
For the redshifted 21-cm line at z ∼ 10, the contri-
bution from the polarized Galactic synchrotron foreground
Figure 9. Probability distribution function (PDF) of the 21 cm
emission volume normalized by the one of 5× Stro¨mgren sphere.
We derived the normalized emission volume of each stellar mass,
and stacked the PDFs.
is dominant over the system temperature, and it has T ∼
180(ν/180 MHz)−2.6. The sensitivity curves are shown in
Figure 10. The yellow shade with Aeff = 10
4 m2 roughly
corresponds to the sensitivity of MWA and LOFAR, while
that with Aeff = 10
6 m2 corresponds to the sensitivity of
SKA.
Here, we measure the size of the emission or absorption
spheres accompanying the modeled sources with boundaries
of |∆Tb| = 1 mK. We calculate the δTb map with thickness
of ∆ν = 1, 2, 3 and 4 MHz around central sources, and we
estimate < δT > by taking the absolute value of the spatial
mean of δTb at tevo = 10
7 yr. The < δT > is not sensitive to
the different thicknesses, and we take the mean values of the
< δT > for the four different thicknesses. The results of this
are shown in Figure 10. Different symbols represent the re-
sults of the different stellar masses as shown in Figure 6. The
size ∆θ increases with the stellar mass and the size of Hii
bubbles. At z = 10, Pop III stars show < δT >∼ 5−12 mK,
while galaxies have < δT >∼ 19 − 584 mK and QSOs have
< δT >∼ 28 − 196 mK. In Pop III case, there are absorp-
tion spheres comparable to emission ones. Hence the net
signal becomes small due to the offset. For the QSO case,
the emission spheres are relatively small to the central zero-
signal holes, hence the net signal decreases. In addition, the
net signal decreases for massive QSOs from the offset be-
tween emission and absorption, because the absorption re-
gion becomes small due to the limited propagation distance
of photons. On the other hand, in the case of galaxies, there
are deep extended absorption spheres relative to the central
holes and inner emission spheres. Thus, galaxies appear to
have much stronger 21 cm signals than the Pop III stars and
QSOs. The Hii regions around luminous QSOs and mas-
sive galaxies can be detected by MWA and LOFAR with
∼ 100 hours integration. For low-mass galaxies, SKA or an
c© 2008 RAS, MNRAS 000, 1–12
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Figure 10. Detectability of the 21 cm signal from Pop III stars,
the first galaxies, and the first quasars with upcoming missions
MWA, LOFAR, and SKA. The filled symbols represent the δTb at
z = 10 with different stellar masses as shown in Figure 6, which is
estimated in the spherical top hat beam with size of the distance
from the source to the outer edge of |δTb| = 1 mK. For each stellar
mass, we calculate 2D δTb maps with widths of ∆ν = 1, 2, 3 and 4
MHz, and take the mean values of the four slices. With increasing
stellar mass, the symbols shift to higher ∆θ due to the larger sizes
of the Hii region and the 21 cm ring. The open symbols are the
mean δTb of the lowest stellar masses for each source at z = 20.
The yellow shaded regions indicate the sensitivity for z = 10 by
upcoming facilities with Aeff = 10
4, 105 and 106 m2 estimated
by equation (16), while its width corresponds to the integration
time from 100 to 1000 hours with ∆ν = 1 MHz.
Aeff = 10
5 m2 class telescope will be needed to detect the
Hii regions around them. In the case of Pop III stars with
typical mass Mstar . 1000 M⊙, however, it appears to be
difficult to detect the Hii region even with SKA.
At z = 20, the < δT > of a Pop III star with 2×102 M⊙
and a galaxy with 2×106 M⊙ is enhanced by factor ∼ 6−27
due to the decrease of the sizes of their Hii regions and the
higher gas density. On the hand, the sensitivity gets lower
from z = 10 to 20 by factor ∼ 20. Hence, the detectability of
Pop III stars and low-mass galaxies does not change signifi-
cantly. In the case of the QSO with Mstar = 2×108 M⊙, the
continuum radiation is significantly diluted in cold neutral
region due to the larger Hii region. The increase of Sab/Sem
is not large compared to Pop III stars, and hence < δT >
does not change as much. The redshift evolution of the 21
cm structure is also discussed in Section 4
Our results suggest that LOFAR, MWA or SKA may be
able to detect the 21 cm signal around galaxies or QSOs, and
may be able to distinguish the natures of sources through
the difference of emission or absorption and the size. Here,
we optimistically assume that the beam size of observations
is comparable to the size of the outer emission/absorption
shells. In practice, the beam size can be larger than the
one used in our models. As a result, the net signal may de-
Figure 11. The differential brightness temperature of Pop III
stars (Mstar = 102 M⊙), galaxy (Mstar = 106 M⊙) and QSO
(Mstar = 108 M⊙) at z = 7, 10 and 20. The snap shots at tevo =
107 yr.
crease with the beam size. However, the decrease will follow
the same gradient of the sensitivity curve ∆θ−2, hence it
may not significantly affect the detectability in the above
discussion. In addition, note that we have ignored UV back-
ground radiation in this work. If there is UV background
radiation and xα becomes > 1 at everywhere, even IGM
far from sources will show emission or absorption (e.g.,
Baek et al. 2009). This leads to a uniform 21 cm signal
over the whole sky, and makes the identification of indi-
vidual sources difficult. For such a case, only high-redshift
QSOs can be identified via detection of giant holes in 21 cm
sky map (Vonlanthen et al. 2011). In addition, the X-ray
background made by black holes and supernovae affects the
21 cm signal by heating the IGM (Furlanetto & Oh 2006;
Yajima & Khochfar 2014). The strength of UV and X-ray
background depends on the cosmic star formation history
and the formation of massive black holes, which are still un-
der the debate. Recent observation of high-redshift galaxies
have suggested that the cosmic star formation rate steeply
decreases with increasing redshift at z & 8 (e.g., Oesch et al.
2013). If so, xα is unlikely to be much higher than unity at
z ∼ 10. Therefore, the 21 cm structure around sources at
z . 20 should be studied along with formation of galaxies
and black holes in a large volume. We will investigate the 21
cm structure’s relationship with galaxy formation throuth
cosmological simulation in future work.
4 DISCUSSION
In this work, we focus on the 21 cm signal at z = 10.
However, the size of the ionizing bubble and the propaga-
tion distance of Lyα change at different redshifts. We test
the change of δTb structure at z = 7 and 20 with same
source properties. Figure 11 shows the δTb structure with
c© 2008 RAS, MNRAS 000, 1–12
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tevo = 10
7 yr at different redshifts. The size of ionized bub-
bles decreases with increasing redshift, while the ionizing
front becomes closer to the Stro´mgren radius in the same
propagation time. As a result, the expansion rate of the ion-
izing front is estimated by
R
′
I
RI
=
(
1 + z′
1 + z
)−2 [
1− e−A(1+z′)3
1− e−A(1+z)3
]1/3
(17)
where A = tevoαBn
−1
0 . Hence, the size ratio of z = 7 (20) to
z = 10 is ∼ 1.2 (0.5). For Pop III stars at z = 20, there is
a deep extended absorption area. With decreasing redshift,
the absorption signal becomes shallower, because the dis-
tance to the cold-neutral region becomes large, leading to a
larger travel time to there. In the case of galaxies, the 21 cm
structure is almost the same, however, the absorption area
is relatively small at lower redshift, because the Hii bubble
is bigger and the transition from ionized to neutral becomes
more smooth due to the lower density. Note that the QSO
at z = 20 shows a clear absorption signal, despite the fact
that the Hii region is much larger than that of Pop III star
at z = 7 which does not show a clear absorption signal.
This is due to the higher Lyα luminosity of the continuum
spectrum than the Pop III star.
5 SUMMARY
In this paper, we investigate the redshifted 21 cm signal from
different ionizing sources by combining idealized models of
the first stars, the first galaxies, and quasars with radiative
transfer simulations that include both ionization of neutral
hydrogen and resonant scattering of Lyα photons. We find
that the 21 cm signal depends significantly on the source
SED and stellar mass. The Pop III stars and quasars pro-
duce a smooth transition from an ionized and hot state to a
neutral and cold one, owing to their hard SED with abun-
dant ionizing photons, in contrast to the sharp transition in
galaxies. The Hii bubble size is typically ∼ 20 kpc for PopIII
stars, ∼ 100 kpc for galaxies, and ∼ 5 Mpc for QSOs. Fur-
thermore, Lyα scattering plays a dominant role in producing
the 21 cm signal as it determines the relation between hy-
drogen spin temperature and gas kinetic temperature. The
Lyα photons can produce both emission and absorption re-
gion around the small Hii bubbles of PopIII stars, extended
absorption region around the first galaxies, and extended
emission around QSOs.
We predict that future surveys from large radio arrays
such as MWA, LOFAR and SKA may be able to detect the
21 cm signals of primordial galaxies and quasars, but not
likely Pop III stars due to their small angular diameter.
These results are based on idealized models of the first
stars, the first galaxies, and quasars. We will investigate the
21 cm structures in more realistic scenarios including inho-
mogeneous density, metal enrichment and black hole growth
by using cosmological simulations in future works.
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